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Effective supersymmetry(SUSY) where stop is the lightest squark may run into a two-loop tachy-
onic problem in some Z′ mediation models. In addition, a large A term or/and a large stop mass
are needed to have ∼ 126 GeV Higgs boson with three families of quarks and leptons. Thus, we sug-
gest an inverted effective SUSY(IeffSUSY) where stop mass is larger compared to those of the first
two families. In this case, it is possible to have a significant correction to the anomalous magnetic
moment of muon. A three family IeffSUSY in a Z′ mediation scenario is explicitly studied with the
Z′ quantum number related to B−L. Here, we adopt both the Z′ mediation and gravity mediation
where the Z′ mediation is the dominant one for stop, while the gravity mediation is the dominant
one for the muonic leptons and Higgs multiplets. We present a numerical study based on a specific
anomaly free model, and show the existence of the parameter region where all the phenomenological
conditions are satisfied.
PACS numbers: 12.60.Jv, 14.80.Ly, 11.25.Wx, 11.25.Mj
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I. INTRODUCTION
The recent LHC reports hint the Higgs boson mass
at 125–127 GeV [1]. This small Higgs boson mass com-
pared to the Planck mass needs a huge hierarchy of mass
scales, inviting solutions of the hierarchy problem. Su-
persymmetry(SUSY) has been considered to be the most
attractive one among the hierarchy solutions, but the
LHC data is not consistent with the constrained minimal
supersymmetric standard model(CMSSM) prediction in
the regionMgluinomsquark . 1TeV
2. A small Higgs boson
mass (mh ≃ 0.126 TeV) needs a large stop mass or/and
a large A-term in the CMSSM.
The LHC hints toward large squark masses are usu-
ally interpreted as a large mass limit for the first family
squarks. The third family squarks have much lower ex-
clusion bound [2] than those of the first two families. The
current bound for mq˜1,2 is usually taken as 1.5TeV [3].
Thus, the squark masses of the third family can be be-
low 1TeV in principle, which has been proposed long time
ago as the effective SUSY(effSUSY) [4]. So, if Nature has
low energy SUSY as a solution to the hierarchy problem,
the previously considered attractive models have been
the effSUSY where only the third family squarks are in
the reach of the LHC search.
Another LHC hint is the possibility of light Higgs bo-
son whose mass is around 126 GeV [1]. However, a light
Higgs boson as heavy as 126 GeV is difficult to obtain
in the CMSSM, mainly due to the tree level mass bound
mtreeh ≤ MZ . The loop corrections raise the Higgs mass
but a fine-tuning is needed to raise it above 120 GeV [5].
This has led to scenarios with a large A-term from the
large top Yukawa coupling and/or a large stop mass. The
effSUSY through gauge mediation cannot lead to a large
A-term since the gravity mediation for the squark mass
generation is assumed to be sub-dominant compared to
that of the gauge mediation. Also, the effSUSY assumes
a relatively small stop mass. If gauge mediation is ef-
fectively achieved by a family-dependent Z ′ mediation
[6], then there is another problem that most scalar par-
ticles become tachyons, if the two-loop contributions are
included.
A large hierarchy of soft masses between different fam-
ilies is easily realized by imposing family dependent Z ′
charges in the Z ′ mediation [7, 8]. If the soft masses
of some specific family are much smaller than those of
another family, the heavy soft mass term contributes to
the light soft masses at the two loop level through the
SM gauge group interaction [9]. Therefore, if the light
scalars are not charged under U(1)Z′ in the Z
′ mediation
scenario, they become tachyonic when two loop effects
are taken into account. This two-loop tachyonic prob-
lem may not be present in the Z ′ D-term breaking [10].
However, the model building along the D-term breaking
may be more complicated than the method we introduce
below with three chiral families of quarks and leptons.
The family-dependent Z ′ mediation is so easily real-
ized in string models [6] that we consider its realiza-
tion a natural one. As mentioned above, however, we
need a large A-term and/or large stop masses from the
LHC constraints. Here, we implement the large A-term
by the gravity mediation. Both for the Z ′ mediation
and the gravity mediation, the same dynamical SUSY
breaking scale applies, which is assumed to be around
Λh ≃ 1013 GeV [11]. Gravity mediation with this dy-
namical SUSY breaking scale sets the scale for the A-
term. To radiatively raise the Higgs boson mass suffi-
ciently above MZ , we need large stop masses. So, the
family-dependent Z ′ mediation is of the form ‘inverted’,
in the sense that the 3rd family squarks are heavy com-
pared to the first two family squarks. We call this sce-
nario inverted effective SUSY(IeffSUSY). If stops are the
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FIG. 1: A schematic view of messenger scales and the Ieff-
SUSY spectra. The lowest scale, assumed to be separated
somewhat from the others, is called Mmess.
heaviest sfermions, we use the term IeffSUSY irrespective
of the order of the remaining sfermion masses.1
In the family-dependent Z ′ mediation scenario, the
3rd family members can be made heavy by assigning
large Z ′ quantum numbers to them while keeping the
first two family members to carry very small Z ′ quan-
tum numbers, which is the opposite view taken from
that of Ref. [6]. So, the first two family squarks ob-
tain masses predominantly via the gravity mediation.
[Note that the 3rd family members get the additional
contribution through the Z ′ mediation.] For the gravity
mediation, the messenger scale is considered to be the
Planck mass MP = 2.44× 1018 GeV. For the Z ′ media-
tion, the messenger scale is another parameter Mmess. If
Mmess .
1
10
MP , we can achieve a reasonable IeffSUSY.
The messenger scales and the visible sector masses are
depicted schematically in Fig. 1, where the visible and
the hidden sectors do not communicate directly as em-
phasized by the thick brown bar in Fig. 1. Assuming
that the lowest messenger scaleMmess is significantly sep-
arated from the other messenger scales, the low energy
spectra is dominated by the scaleMmess of the Z
′ media-
tion. In this sense, we argue that the Z ′ mediation arises
naturally from an ultraviolet completed theory, as far as
the lowest messenger scaleMmess is sufficiently separated
from the other messenger scales.
Now, the two-loop tachyons are made stable by the
positive soft mass arising from the gravity mediation. In
addition, in this IeffSUSY the muon g − 2 deviation [12]
from the SM estimation can be made significant through
the light gaugino masses, which arise at the two-loop in
the Z ′ mediation [7], and the light smuon (µ˜) and scalar-
muonneutrino (ν˜2) masses.
1 Here, ‘inverted’ is used just for the heaviest stops since effSUSY
has been used for the lightest stops among sfermions [4].
II. LARGE CORRECTION TO MUON
ANOMALOUS MAGNETIC MOMENT
1. Soft mass scales in the Z′ mediation
As shown in Fig. 1, in the Z ′ mediation scenario
the soft masses at the messenger scale are generated by
Z ′ charged matter. At the messenger scale Mmess, the
mass splitting of Z ′ gauge multiplet, i.e. the superpart-
ner Zprimino mass minus Z ′ gauge boson mass, ∆MZ˜′ ,
becomes
∆MZ˜′ = −
g2Z′
8π2
F
Mmess
= − α˜
2π
F
Mmess
(1)
where α˜ =
g2
Z′
4π and F = Λ
3
h/MP . Then, the sfermion soft
term is estimated as
m2i = Z
′2(∆MZ˜′)
2, (2)
where Z ′ is the U(1)Z′ charge and the visible sector gaug-
inos g˜a obtain mass at the two-loop level,
Ma(µ)
αa(µ)
= −caα˜(M
′)
(2π)2
∆MZ˜′(M
′) ln
(Mmess
M ′
)
(3)
where M ′ is the U(1)′ gauge symmetry breaking scale
and ca =
∑
(Z ′)2Ts.
The gravity mediation is taken into account such that
soft terms appear at the Planck mass scale, which is im-
posed as the initial conditions in the following numerical
study: m0 = m1/2 = m3/2 = Λ
3
h/
√
3M2P . This is a
kind of mixed mediation studied in Refs. [13, 14], but
here again unlike in the usual gauge mediation we take
a family-dependent Z ′ mixed mediation. Hence, our re-
sults are different from those studied before [13, 14].
2. SUGRA model toward a large correction to (g − 2)µ
As commented in Introduction, in the CMSSM with
three families of quarks and leptons it is necessary to have
a large A-term and/or large stop mass to have a light but
somewhat heavier Higgs boson above MZ at around 126
GeV. Thus, we introduce the family-dependent IeffSUSY.
If quarks and leptons in a family are treated in the sim-
plest way, we consider a Z ′ charge assignment related to
B − L as shown in Table I where we introduce two Z ′
mediation parameters, λf for the quark and lepton su-
perfields and λh for the Higgs superfields. In our study
here, we set λh = 0. This model does not have any gauge
and gravitational anomalies. Of course, charges may not
have this simple form in string compactification.2
2 With the spectrum of Ref. [15], Z′ = Y +Z′′ with Z′′ = −Q1/6−
Q4/8+Q5/8 gives Z′ = 0 for µc, Hu, andHd. With the spectrum
of Ref. [16], the heavy 3rd family and light two families and Higgs
doublets, i.e. λf = λh = 0 are possible with Z
′ = (05 -1-1 2)(08)′
in the notation of [16].
31st f. Y Z′ 2nd f. Y Z′ 3rd f. Y Z′
(u, d) 1
6
1
3
λf (c, s)
1
6
1
3
λf (t, b)
1
6
1
3
uc −2
3
−1
3
λf c
c −2
3
−1
3
λf t
c −2
3
−1
3
dc 1
3
−1
3
λf s
c 1
3
−1
3
λf b
c 1
3
−1
3
(νe, e)
−1
2
−λf (νµ, µ) −12 0 (ντ , τ ) −12 −(1 + λf )
ec 1 λf µ
c 1 0 τ c 1 1 + λf
Nc1 0 λf N
c
2 0 0 N
c
3 0 1 + λf
Hd,u Y Z
′
Hd
−1
2
−1
2
λh
Hu
1
2
1
2
λh
TABLE I: The Z′ charges of the SM fermions, Higgs doublets
and heavy neutrinos. The choice λf = λh = 0 is the simplest
case. For the BNL (g−2)µ, the muonic leptons carry vanishing
Z′ charges while the others carry nonzero Z′ charges with
nonzero λf .
Interesting cases are λf = ±1 which give the same
squark masses. If these squarks are removed at very high
energy scale, it is similar to but not the same as the split
SUSY [17] because scalar muons for λf = ±1 and scalar
taus for λf = −1 survive to low energy. At a first glace,
these light scalar leptons may work against the gauge
coupling unification since the 2nd (and the 3rd family)
sfermions do not form GUT multiplets, but there is the
tunable parameter Mmess for the gauge coupling unifica-
tion. These particular cases of λf can be called partly–
split SUSY. Note also that the λf = −1 case allows the
quantum numbers such that a large mixing between νµ
and ντ is not forbidden.
3
3. The σµν couplings
The Brookhaven National Laboratory(BNL) has mea-
sured (g − 2) of µ with the following discrepancy on the
muon anomalous magnetic moment from the SM predic-
tion [12]
∆aµ = a
exp
µ − aSMµ = 287(80)× 10−11 (4)
where the errors including the electroweak and hadronic
contributions are combined in the quadrature, resulting
to the discrepancy of 3.6 σ error.
The experimentally interesting µ → eγ mode ampli-
tude is inversely proportional to the flavor violation quan-
tum number λ2f , viz. M
−2
e˜ ∝ λ−2f . Since the present
3 For a sizable mixing between νe and νµ, a large Z′ = +1
scalar VEV insertion is needed in the seesaw diagram of neu-
trino masses.
bound from µ → eγ surpasses all the other lepton fla-
vor violation bounds [18], we consider only µ → eγ here
for the lepton flavor violation through the σµν coupling.
The σµν coupling of neutrino was considered long time
ago for the neutral current data [19], which has a differ-
ent chirality from the tree level V and A interactions of
the SM. So, the σµν couplings arise at higher orders. It
must involve interactions beyond the V −A charged cur-
rent interactions. If it arise from the tree level V and A
interactions, there must be V +A charged current inter-
actions also [20]. If we introduce the S and P interactions
as in the SUSY extension of the SM, the σµν couplings
can be obtained at one loop level. So, the σµν couplings
are classified into a different chirality class from that of
V and A. Now, let us parametrize the one loop σµν cou-
plings of the charged leptons to the electromagnetic field
strength Fµν as
L = AL′R l¯ ′Lσµν lRFµν +AR′L l¯ ′Rσµν lLFµν
(+h.c. if l 6= l′). (5)
Note that the real parts of the flavor diagonal AµLµR
and AµRµL contribute to (g − 2)µ, the imaginary parts
of AµLµR and AµRµL contribute to the muon EDM, and
the flavor violating absolute magnitude contributes to
BR(µ → eγ). Parametrizing g − 2, EDM and µ → eγ
Lagrangians with σµν couplings as [18, 21]
Lg−2 = e
2mµ
∆aµ µ¯ σµνµF
µν ,
LEDM = − ie
2
δµ µ¯ σµνγ5µF
µν ,
Lµ→eγ = e
4mµ
ǫeµ e¯ σµνµF
µν + h.c.,
(6)
where the µ→ eγ Lagrangian is compared to the (g−2)µ
Lagrangian with the flavor violating parameter ǫeµ, and
we may factor out e from the muon EDM dµ: dµ ≡ δµe.
Then, we have a chirality relation on the coefficients of
σµν couplings,
4
Γ(µ→ eγ)
ǫ2eµmµ
= (∆aµ)
2 + δ2µ. (7)
The BR(µ→ eγ) is given by [18],
BR(µ→ eγ) = 48π
2
G2Fm
2
µ
(|AeLµR |2 + |AeRµL |2)
=
24π3αem|ǫeµ|2
G2Fm
4
µ
= 3.2× 1014|ǫeµ|2.
(8)
If selectron is heavier than Zino, we estimate ǫeµ ∼
g2mµMZ˜∆M
2
e˜ µ˜/32π
2M2µ˜M
2
e˜ , and obtain
|ǫeµ|2 ∼
α2emm
2
µM
2
Z˜
(∆M2e˜ µ˜)
2
64π2 sin4 θWM4µ˜M
4
e˜
. (9)
Therefore, BR(µ→ eγ) is estimated as
BR(µ→ eγ) ∼ 5.7× 102
(
M2
Z˜, 100
M4µ˜, 100
)(
∆M2e˜ µ˜
M2e˜
)2
(10)
4∆M2e˜µ˜
µ˜ e˜
µ e
γ
Z˜, γ˜
FIG. 2: A µ→ eγ diagram.
χ±
µ µ
γ
g2 ν˜ yµ
FIG. 3: A chargino diagram toward (g − 2)µ.
where ∆M2e˜ µ˜ is the parameter denoting the slepton mix-
ing, and MZ˜, 100 and Mµ˜, 100 are MZ˜ and Mµ˜ masses in
units of 100GeV. This can be compared to the experi-
mental upper bound 2.4× 10−12 [22].
A typical flavor mixing diagram is shown in Fig. 2.
If the flavor mixing parameter ∆M2e˜ µ˜ is assumed to be
M4µ˜/M
2
e˜ , the RHS is proportional to (Mµ˜/Me˜)
8 and the
selectron mass more than 60 times the smuon mass is
enough to satisfy the µ→ eγ upper bound, assuming the
order 1 value forM2
Z˜, 100
/M4µ˜, 100. If λf is large, selectron
mass is few tens times the smuon mass. If λf is small, e.g.
for λf =
1
6
the ratio is about 4. But the flavor problem
can be accurately addressed in a complete model with the
details of the first two family Yukawa couplings, which
we do not consider in this paper.
4. Muon anomalous magnetic moment from SUGRA
chargino and neutralino
The muon anomalous magnetic moment in the MSSM
has been given in Ref. [21]. The anomalous magnetic
moment arises from the SUSY diagrams among which
the chargino diagram is shown in Fig. 3. We discuss
the chargino diagram here in detail in Appendix A be-
cause the results can be presented as closed forms. The
neutralino diagram also contributes and the approximate
form is present in Appendix B. In the mass region of our
interest, it is estimated that the contribution of the neu-
tralino diagram is more important compared to that of
the chargino diagram, unlike the comments of [21, 23].
In the numerical analyses of Sec. III, we include both
contributions. The anomalous magnetic moment aSUSYµ
in units of the muon Bohr magneton is the sum of mass
eigenstates chargino and neutralino contributions:
aSUSYµ ≃ aSUSYµ (χ+1 ) + aSUSYµ (χ+2 )
+ aSUSYµ (χ
0A
1 ) + a
SUSY
µ (χ
0A
2 ),
aSUSYµ (χ
+
1 ) ≃ −
3mµ
16π2
CLXC
R
X
mχ+1
m2ν˜
I+(x1),
aSUSYµ (χ
+
2 ) ≃ −
3mµ
16π2
CLXC
R
X
mχ+2
m2ν˜
I+(x2),
aSUSYµ (µ˜A1) ≃ −
mµ
16π2
NLAXN
R
AX
mχ01
m2µ˜A1
I0(xA1),
aSUSYµ (µ˜A2) ≃ −
mµ
16π2
NLAXN
R
AX
mχ01
m2µ˜A2
I0(xA2),
(11)
where I+(x) = (1− 4
3
x+ 1
3
x2 + 2
3
lnx)/(1− x)3, I0(x) =
(1 − x2 + 2x lnx)/(1 − x)3, x1,2 ≡ m2χ1,2/m2ν˜2 , xA1,A2 ≡
m2χ0A/m
2
µ˜1,2
, and we calculate CLXC
R
X and N
L
AXN
R
AX in
Appendices A and B, respectively. Note that CLX =
yµ(Uχ−)2X and C
R
X = −g2(Uχ+)1X . Thus, we obtain
∑
X
CLXC
R
X = yµg2(− sin ǫ cos ǫ′ + cos ǫ sin ǫ′). (12)
Here, CLXC
R
X contains a couplings factor yµg2 ≃ 6.05 ×
10−4
√
1 + tan2 β × 0.6521 = 3.95 × 10−4
√
1 + tan2 β.
Thus, Eq. (11) becomes
aSUSYµ (χ1,2)
1× 10−9 ≃− 2.64
√
1 + tan2 β (cos ǫ sin ǫ′ − sin ǫ cos ǫ′)
(
300 GeV
mν˜2
)(
mχ1,2
mν˜2
)
· I+(x1,2)
− 1.32 tanβ
∑
i=lighter one
( µ
10 TeV
)( (300 GeV)2
|M2LRZ |
)(
TeV
mµ˜i
)2(mχ0A
I
TeV
)
· I0(xAi)
(13)
Note that the four possible cases of the chargino contribution give the same sign for the combinations cos ǫ sin ǫ′ and
− sin ǫ cos ǫ′, which are of order MW /µ. From Eq. (13), we note that the neutralino contribution dominates for a
5large µ. In our presentation in Sec. III, we work for two almost degenerate neutralinos. This degeneracy may be
violated by the running of g2 and g1 gauge couplings, but our objective on the order estimation will not be changed
much even if the running effects are taken into account. Looking at the front numerical factor of Eq. (13), we note
that the BNL (g− 2)µ can be explained by the TeV scale SUSY parameters as we show in Sect. III. This scenario can
be achieved with the IeffSUSY Z ′ quantum numbers shown in Table I, where muonic leptons carry the vanishing Z ′
quantum number such that their scalar partners obtain SUSY breaking masses only through gravity mediation which
is of order m3/2. These muonic scalar partners are the lightest sfermions. The next order sfermion masses are the
first family sfermions and the second family squarks. The heaviest sfermions are the third family members.
III. PHENOMENOLOGICAL BOUNDS
For Table I, let the mass scale of the heavy 3rd family squarks is universally given as M˜2q˜3 . Assuming only t˜
and b˜ masses get Z ′ mediated heavy mass, the two loop running equation for squarks (i = 1, 2, 3), in the limit
m2
t˜
(µ)≫ m2q˜1,2(µ), is
Λ
dm2i
dΛ
=
α23(Λ)
3π2
m2t˜ (Λ) (14)
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FIG. 4: The scatter plot in the mµ˜ − µ space for Λh = 3× 1013 GeV out of 105 trial points: (a) for λf = 16 , λh = 0, and (b)
for λf = −1, λh = 0. The scanned parameters are µ and Mmess = (0.1 ∼ 10) × 1015 GeV. The top quark mass corresponds
to mt = (173.5 ± 1.4) GeV. The gray dots are the trial points. The green dots are those satisfying the LHC constraints
(mq˜1,2 > 1.5 TeV and the LHC gluino mass bound) and mh = (125 ∼ 127) GeV. The pink dots are filtered by (g − 2)µ. The
red dots are those satisfying all the constraints including (g − 2)µ. In the enlarged insets, some selected red points are shown
again with more information in blue dots .
where m2
b˜
= m2
t˜
has been assumed. But, the phe-
nomenological requirements we impose is not as strong
as m2
t˜
(µ)≫ m2q˜1,2(µ) but simply
mq˜1,2 > 1.5 TeV,
mt˜ = large enough to give 126 GeV Higgs.
(15)
These conditions are much more stronger than the ab-
sence of tachyons. Therefore, we use the package SOFT-
SUSY [24] which includes two-loop evolutions. Given
the boundary values of the input parameters such as
m2
b˜
= m2
t˜
at Mmess and m3/2 at MP , the package SOFT-
SUSY gives the flavor dependent mass spectrum, tanβ
and mh at the TeV scale.
6 (TeV)µ
-40 -20 0 20 40
 
(G
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0 h
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FIG. 5: Same as Fig. 4 (a) except for mh instead of mµ˜.
In our model, there are three parameters: Λh,Mmess,
and µ. Parameters m3/2 and At are given by Λ
3/
√
3M2P
and ftm3/2 (with ft chosen within 1σ at the top mass re-
gion), respectively, and tanβ is calculated through vu/vd
by solving the running equations of soft terms m2Hu and
m2Hd , which are included in the package SOFTSUSY.
The main constraints we use are: (1) Eq. (15) which
is stronger than no tachyon constraints of [9], (2) the
LHC bounds on the gluino mass and the first two family
squark masses [2, 3], and (3) the 1σ allowed region for
the BNL (g − 2)µ [12]. The b → sγ constraint [25] is
satisfied since we required mq˜1,2 > 1.5 TeV. In Fig. 4,
we present the scatter plots in the mµ˜ vs. µ for the fixed
Λh = 3 × 1013 GeV and the scattered µ and Mmess, in
(a) for λf =
1
6
, λh = 0 and in (b) for λf = −1, λh = 0.
The light Higgs scalar are tuned to 125∼127GeV. The
green dots of Fig. 4 give mh in the region 125-127 GeV,
and pink dots give the BNL (g − 2)µ. The red dots are
satisfying all the constraints. In the insets, we present
some selected red dots with more information in blue
dots. For three blue dots in each inset we show the detail
information on scalar-muon-neutrino mass, the LSP mass
mLSP , tanβ, and the messenger scale. We note that
the LSP mass does not change very much among the
blue dots (and hence red dots also). The lightest SUSY
particle is a mixture of wino and Higgsino with the mass
little bit above 1TeV as indicated for three blue dots.
In Fig. 5, we present a scatter plot of the Higgs boson
mass for the case of Fig. 4 (a).
A TeV-scale LSP in the MSSM with the R-parity con-
servation overcloses the universe. This overclosure prob-
lem can be evaded if the R-parity is not exact or there is
a singlet heavy particle(s) decaying to the LSP as in the
case of the heavy axino [26].
IV. CONCLUSION
In view of the observed 126 GeV Higgs boson [1] which
is relatively heavy in the SUSY scenario, we introduced
a heavy stop scheme which is the opposite view from the
popular effSUSY idea. In the Z ′ mediation scenario, we
achieve this IeffSUSY explicitly with the U(1)Z′ quantum
numbers shown in Table I. With the quantum numbers
of Table I, it is possible to have relatively light smuons
(∼ 2−3 TeV) and neutralino (∼ 1.2 TeV), and hence can
find a parameter region where a significant correction to
the anomalous magnetic moment of muon can result.
Appendix A
Let us express the chargino mass matrix as −L =
ψ˜+TMχ±ψ˜
− where [21]
Mχ± =
(
−mG2
√
2MW cosβ
−√2MW sinβ µ
)
, (16)
and
ψ˜+ =
(
−iW˜+
H˜+u
)
, ψ˜− =
(
−iW˜−
H˜−d
)
.
The mass eigenvalues are
mχ1 =
√
µ2 +m2G2 + 2M
2
W −
√
D
2
mχ2 =
√
µ2 +m2G2 + 2M
2
W +
√
D
2
(17)
where
D = µ4 +m4G2 + 4M
4
W − 2µ2m2G2 + 4µ2M2W
+ 4m2G2M
2
W − 16M4W c2βs2β + 16µmG2M2W cβsβ
(18)
where cβ = cosβ and sβ = sinβ. For the chargino dia-
gram of Fig. 3, we obtain the closed forms for the mass
diagonalizing unitary matrices. The anomalous mag-
netic moment aSUSYµ (χ
+
i ) contains these matrix elements
CLX (I = {A,B}) and CRX (J = {A′, B′}) which are cal-
culated as
(A)


cos ǫ =
[
1
2
(
1∓√E
)]1/2
sin ǫ =
[
1
2
(
1±√E
)]1/2 (19)
(B)


cos ǫ = −
[
1
2
(
1∓√E
)]1/2
sin ǫ = −
[
1
2
(
1±√E
)]1/2 (20)
7(A′)


cos ǫ′ = −
[
1
2
(
1∓√F
)]1/2
sin ǫ′ =
[
1
2
(
1±√F
)]1/2 (21)
(B′)


cos ǫ′ =
[
1
2
(
1∓√F
)]1/2
sin ǫ′ = −
[
1
2
(
1±√F
)]1/2 (22)
where E = 1− 8M2W cos2 β(µ+mG2 tanβ)2/D, F = 1−
8M2W cos
2 β(µ tanβ+mG2)
2/D, tanβ = vu/vd, and mG2
is defined in Eq. (16). For CLXC
R
X , we consider four cases
of (IJ), where I = {A,B} and J = {A′, B′}. Among
these (AA′) and (BB′) give positive sign and (AB′) and
(BA′) give negative sign.
Appendix B
We diagonalize the neutralino mass matrix Mχ0 ,

−mG1, 0, −MZsW cβ, MZsW sβ
0, −mG2, MZcW cβ , −MZcW sβ
−MZsW cβ , MZcW cβ , 0 µ
MZsW sβ, −MZcW sβ , µ 0


(23)
where cW = cos θW , sW = sin θW , cβ = cosβ, sβ =
sinβ. By the biunitary transformation by U †χ0 on the
left and Uχ0 on the right, it is diagonalized
U †χ0Mχ0Uχ0 = Diag. (λ1, λ2, λ3, λ4) (24)
where we ordered |λi| ≤ |λj | if i < j. Here, Uχ0 is a 4× 4
orthogonal matrix since there is no phase. Defining
Uχ0 ≡


1 0 0 0
0 1 0 0
0 0 1√
2
1√
2
0 0 1√
2
− 1√
2

 U˜ , (25)
we obtain


−mG1, 0,
MZ√
2
sW (−cβ + sβ), −
MZ√
2
sW (cβ + sβ)
0, −mG2,
MZ√
2
cW (cβ − sβ),
MZ√
2
cW (cβ + sβ)
MZ√
2
sW (−cβ + sβ),
MZ√
2
cW (cβ − sβ), µ 0
−MZ√
2
sW (cβ + sβ),
MZ√
2
cW (cβ + sβ), 0 −µ


= U˜


λ1 0 0 0
0 λ2 0 0
0 0 λ3 0
0 0 0 λ4


U˜
T
. (26)
In the limit MZµ ≃ 0 and MZmGi ≃ 0, the mass matrix is almost diagonalized, with the eigenvalues λ1 ≃ mG1 , λ2 ≃
mG2 , λ3 = −λ4 ≃ µ. Keeping the small parameters, we notice that there seems to be four small parameters from Eq.
(26), MZ√
2µ
cW (cβ + sβ),
MZ√
2µ
cW (cβ − sβ), MZ√2µsW (cβ + sβ), and
MZ√
2µ
sW (cβ − sβ). A general 4× 4 orthogonal matrix has
six real parameters. In view of the mass hierarchy MZ ≪ mGi ≪ µ, two large parameters and four small parameters
can be a good approximate description of the 4× 4 orthogonal matrix. Thus, parametrizing U˜ approximately as
U˜ =


cM − 12cM (ǫ21 + ǫ24) sM ǫ1 ǫ4
−sM cM − 12cM (ǫ22 + ǫ23) ǫ3 ǫ2
−ǫ1 −ǫ3 cµ − 12cµ (ǫ21 + ǫ23) sµ
−ǫ4 −ǫ2 −sµ cµ − 12cµ (ǫ22 + ǫ24)

 , (27)
8where the simplified trigonometric notations si = sin θi, ci = cos θi, and ti = tan θi are used. Then, the RHS of (26)
becomes


λ1+
+(λ4 − λ1)(ǫ21 + ǫ24)
+O(ǫ4i )
,
+
λ1
2
tM (ǫ
2
1 + ǫ
2
4
−ǫ22 − ǫ23)
+λ4(ǫ1ǫ3 + ǫ2ǫ4)
,
−λ1(cMǫ1 + sMǫ3)
+λ4(cµǫ1 + sµǫ4)
+O(ǫ3i )
,
−λ1(cMǫ4 + sMǫ2)
+λ4(−sµǫ1 + cµǫ4)
+O(ǫ3i )
+
λ1
2
tM (ǫ
2
1 + ǫ
2
4
−ǫ22 − ǫ23)
+λ4(ǫ1ǫ3 + ǫ2ǫ4)
,
λ1+
+(λ4 − λ1)(ǫ22 + ǫ23)
+O(ǫ4i )
,
λ1(sMǫ1 − cMǫ3)
+λ4(cµǫ3 + sµǫ2)
+O(ǫ3i )
,
λ1(sMǫ4 − cMǫ2)
+λ4(−sµǫ3 + cµǫ2)
+O(ǫ3i )
−λ1(cMǫ1 + sMǫ3)
+λ4(cµǫ1 + sµǫ4)
+O(ǫ3i )
,
λ1(sMǫ1 − cMǫ3)
+λ4(cµǫ3 + sµǫ2)
+O(ǫ3i )
λ4+
−(λ4 − λ1)(ǫ21 + ǫ23)
+O(ǫ4i )
,
+
λ4
2
tµ(ǫ
2
1 + ǫ
2
3
−ǫ22 − ǫ24)
+λ1ǫ1ǫ4 + λ2ǫ2ǫ3
−λ1(cMǫ4 + sMǫ2)
+λ4(−sµǫ1 + cµǫ4)
+O(ǫ3i )
,
λ1(sMǫ4 − cMǫ2)
+λ4(−sµǫ3 + cµǫ2)
+O(ǫ3i )
,
+
λ4
2
tµ(ǫ
2
1 + ǫ
2
3
−ǫ22 − ǫ24)
+λ1ǫ1ǫ4 + λ2ǫ2ǫ3
,
λ4+
−(λ4 − λ1)(ǫ22 + ǫ24)
+O(ǫ4i )


. (28)
where we used mG1 = mG2 so that the small off-diagonal terms of (12) and (34) elements are almost zero, i.e.
λ1 ≃ λ2, λ3 ≃ λ4. Thus, up to order ǫ2i , we have
(−λ1cM + λ4cµ)ǫ1 + 0 − λ1sMǫ3 + λ4sµǫ4 ≃
MZ√
2
sW (−cβ + sβ),
−λ4sµǫ1 − λ1sMǫ2 + 0 + (−λ1cM + λ4cµ)ǫ4 ≃ −
MZ√
2
sW (cβ + sβ),
λ1sMǫ1 + λ4sµǫ2 + (−λ1cM + λ4cµ)ǫ3 + 0 ≃
MZ√
2
cW (cβ − sβ),
0 + (−λ1cM + λ4cµ)ǫ2 − λ4sµǫ3 + λ1sMǫ4 ≃
MZ√
2
cW (cβ + sβ).
(29)
Thus, the solutions for ǫi in the limit |λ4| ≫ |λ1| are
ǫ1 ≃ − MZ√
2λ4
sW [cµ(cβ − sβ)− sµ(cβ + sβ)] , ǫ2 ≃ MZ√
2λ4
cW [cµ(cβ + sβ) + sµ(cβ − sβ)] ,
ǫ3 ≃ MZ√
2λ4
cW [cµ(cβ − sβ)− sµ(cβ + sβ)] , ǫ4 ≃ − MZ√
2λ4
sW [sµ(cβ − sβ) + cµ(cβ + sβ)] .
(30)
For the large parameters θM and θµ, we set the (12) and (34) components of Eq. (28) zero, in the limit λ1/λ4 ≃ 0,
ǫ1ǫ3 + ǫ2ǫ4 ≃ 0
ǫ1ǫ4 + ǫ2ǫ3 ≃ 0
}
→ ǫ21 ≃ ǫ22, ǫ23 ≃ ǫ24 (31)
which leads to
(c2µ − t2W s2µ)(cβ + sβ)2 + (s2µ − t2W c2µ)(cβ − sβ)2 + 2cµsµ(1 + t2W )(c2β − s2β) ≃ 0. (32)
We notice that this has a solution for sµ which needs not be small. Namely, the elements (U˜)33,34,43,44 elements are
not very small. Now, the original unitary matrix becomes
Uχ0 =


cM − 12cM (ǫ21 + ǫ24), sM , ǫ1, ǫ4
−sM , cM − 12cM (ǫ22 + ǫ23), ǫ3, ǫ2
− ǫ1+ǫ4√
2
, − ǫ2+ǫ3√
2
,
cµ−sµ√
2
− ǫ21+ǫ23
2
√
2cµ
,
cµ+sµ√
2
− ǫ22+ǫ24
2
√
2cµ
−ǫ1+ǫ4√
2
, ǫ2−ǫ3√
2
,
cµ+sµ√
2
− ǫ21+ǫ23
2
√
2cµ
,
−cµ+sµ√
2
+
ǫ22+ǫ
2
4
2
√
2cµ

 . (33)
The smuon mass matrix is
M2µ˜ =
(
m2L +M
2
Zc2β(s
2
W − 12 ), mµ(Aµ + µ tanβ)
mµ(Aµ + µ tanβ), m
2
R −M2Zc2βs2W
)
(34)
The eigenvalues of M2µ˜ are
M2µ˜1,2 =
1
2
(
m2L +m
2
R −
1
2
M2Zc2β ∓
√
M4LRZ + 4m
2
µ(Aµ + µtβ)
2
)
(35)
where
M2LRZ = m
2
L −m2R +M2Zc2β(2s2W −
1
2
) = |M2LRZ |ǫLRZ
(36)
where ǫLRZ = ±1 for the positive and negative M2LRZ ,
respectively. The mass eigenstates µ˜1,2 are the mixtures
9of the left- and right-smuon states µ˜1,2 = sin γ1,2PL +
cos γ1,2PR where PL = (1, 0)
T , PR = (0, 1)
T . The
smuon mixing angles are
sin γ1,2 =
√
2mµ(Aµ + µtβ)
|M2LRZ |
√
DN
, (37)
cos γ1,2 =
ǫLRZ ±
√
1 + 4m2µ(Aµ + µtβ)
2/M4LRZ√
2
√
DN
(38)
where
DN = 1±
√
S +
4m2µ(Aµ + µtβ)
2
M4LRZ
, (39)
with
S = 1 +
4m2µ(Aµ + µtβ)
2
M4LRZ
. (40)
So,
NLAX = −yµ(Uχ0)3X(Uµ˜)LA −
√
2g1(Uχ0)1X(Uµ˜)RA
≃ −
√
2g1(Uχ0)1X cos γ1,2
NRAX = −yµ(Uχ0)3X(Uµ˜)RA −
1√
2
g2(Uχ0)2X(Uµ˜)LA
− 1√
2
g1(Uχ0)1X(Uµ˜)LA
≃ − 1√
2
g2(Uχ0)2X sin γ1,2 −
1√
2
g1(Uχ0)1X sin γ1,2
(41)
Therefore,∑
X
NLAXN
R
AX ≃
∑
X
[g1g2(Uχ0)1X(Uχ0)2X
+ g21(Uχ0)1X(Uχ0)1X ] cos γ1,2 sin γ1,2
(42)
= cos γ1,2 sin γ1,2
{
g1g2[(Uχ0)11(Uχ0)21
+ (Uχ0)12(Uχ0)22] + g
2
1 [(Uχ0)11(Uχ0)11
+ (Uχ0)12(Uχ0)12]
}
→ cos γ1,2 sin γ1,2
[
g1g2
sM
2cM
(ǫ21 − ǫ22 − ǫ23 + ǫ24)
+ g21(1 − ǫ21 − ǫ24)
] (43)
→ g21 cos γ1,2 sin γ1,2.
Numerically, this becomes
G2s2W cos γ1,2 sin γ1,2 =
e2
c2W
cos γ1,2 sin γ1,2
≃ 0.12 cosγ1,2 sin γ1,2.
(44)
Note that the U(1)Y gauge contribution dominates. So,
we estimate for ǫLRZ = 1
aSUSYµ (χ
0A)
1× 10−9 ≃ −1.32 tβ
∑
i=lighter one
( µ
10 TeV
)
·
(
(300 GeV)2
|M2LRZ |
)(
TeV
µ˜i
)2(mχ0AI
TeV
)
· I0(xAi)
(45)
where xAi = m
2
χ0I
/m2µ˜i , and χ
0A
I corresponds to two small
eigenvalues of the 2× 2 matrix elements of the upper left
corner of Uχ0 . Since χ
0A
1 and χ
0A
2 are almost degenerate,
the sum over I is aleady taken into account in Eq. (44).
The sum over i is dominated by the lighter smuon and
the coefficient –1.32 corresponds to the lighter smuon.
For the heavier smuon, the coefficient is +1.86. Since tβ
is of order 10, the neutralino contribution gives a correct
order of the muon anomalous magnetic moment observed
at BNL. To have the positive sign for aSUSYµ (χ
0A), the
product of signs of tβ , µ,mχ0A
I
, and I0(xAi) should be
negative where
I0(x) =
1− x2 + 2x lnx
(1− x)3 . (46)
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